M icrostructural design has been exploited for some time to enhance the strength of crystalline materials, mostly through work-hardening to increase the initial density of dislocations, 1 or grain size refinement in the microcrystalline and nanocrystalline regimes following the classical HallϪPetch relation. 2, 3 More recently, it was also observed that bulk specimens of ultrafine-grained and nanocrystalline Cu possess much higher yield strength when coherent twin boundaries (CTBs) are introduced during electrochemical deposition. 4Ϫ6 Crystalline materials, however, cannot be strengthened unlimitedly by decreasing the mean grain size or twin size. For instance, a reverse HallϪPetch effect, which is characterized by a strength reduction as the grain size is decreased below 10Ϫ20 nm, has been found in Cu 7 and other face-centered cubic (FCC) nanocrystalline metals; 8 here a transition in deformation mechanism from dislocation-mediated plasticity to grainboundary sliding below a critical grain size was found responsible for this phenomenon. Similarly, a strongest twin size was discovered in nanotwinned Cu, which originates from a shift in yielding mechanism from slip transfer across twin boundaries to easy dislocation nucleation from atomic ledges existing in twin boundaries. 5 In addition to microstructure effects, modifications of external geometry and surface structure can strongly influence strength in crystalline samples with nanometer sizes. Particularly, significant sample size dependence has been observed experimentally on the strength and crystal plasticity of various FCC metals such as Ni, 9, 10 Ag, 11 and Au, 12Ϫ15 which has led to the conclusion that smaller is stronger. It should be emphasized however that the internal microstructure still plays a key role in the mechanical behavior of nanosized crystalline materials. For example, Wu et al. 12 have directly measured with atomic force microscopy-based bending experiments that Au nanowires (NWs) with a diameter of 40 nm could be up to 100 times stronger than conventional bulk Au. These authors have also found that the yield strength of Au NWs grown by electrodeposition technique was significantly lowered after thermal annealing, which indicated that certain internal defects or microstructures could be responsible for the observed increase in strength with decreasing NW diameter. Maa␤ et al. 16, 17 have also argued that the initial microstructures of metal nanopillars similar in size and shape to those tested by *Address correspondence to frederic.sansoz@uvm.edu.
others, 10, 13, 14 including grain boundaries and surface dislocations added during microfabrication, could contribute to the apparent increase in strength.
Recent advances in materials synthesis have enabled making FCC metal NWs with a variety of microstructures and surface morphologies. For example, past transmission electron microscopy (TEM) studies have shown the existence of bamboo-like structures in Au and Cu NWs grown by electrodeposition. 18, 19 Such structures consist of a parallel arrangement of planar defects perpendicular to the wire axis, which correspond to (111) CTBs. Also, single-crystalline and nanocrystalline microstructures in Au NWs were created by electrodeposition using different applied overpotentials. 18 Furthermore, ultrathin [111] oriented Au NWs with diameters less than 10 nm have been synthesized by reduction of HAuCl 4 in oleic acid and oleylamine. 20, 21 Halder and Ravishankar 22 have developed a bottom-up approach to produce ultrafine Au NWs by an oriented attachment of Au nanoparticles. Different TEM studies 22Ϫ26 have shown that aligned Au nanoparticles can fuse together at {111} facets to form faceted Au NWs, during which twins can be easily formed in favor of energy reduction. It is worth noting that although most facets were found to be {111} planes in Au nanoparticles, {100} facets have also been frequently observed. 22, 23, 26 Other FCC metal NWs, such as Cu and Ag NWs, also tend to have {111} and {100} nanoscale facets. 24, 26, 27 For example, faceted twinned structures, which usually exhibited a zigzag shape, have been observed in Cu nanorods grown by magnetron sputter deposition. 27 Furthermore, {111} surface facets are often encountered in twinned semiconducting NWs grown by the vaporϪliquidϪsolid process 28Ϫ30 and standard commercial metal organic vapor phase epitaxy. 31 Shim et al. 32 have proposed a model based on the energy minimization of interfaces and edges near twin boundaries to account for the {111} faceted-twinning structure in semiconducting NWs.
Molecular dynamics (MD) simulations have been used in the past to characterize the influence of microstructure on the elastic and plastic properties of nanosized FCC metals. Monk and Farkas 33 have predicted that dislocation-mediated plasticity decreases with decreasing wire diameter in nanocrystalline Ni NWs. Cao et al., 34 who have simulated the tensile behavior of both single-crystal and nanocrystalline Cu NWs, found that the yield strength in the latter was significantly smaller as a result of dislocation emission from grain boundaries instead of free surfaces. Moreover, periodically twinned circular Au 35, 36 and Cu 37 NWs containing parallel (111) CTBs have been studied by MD simulations, where it was shown that the intersection of CTBs with the free surface in NWs acts as preferential sites for the nucleation and propagation of dislocations during plastic deformation. Furthermore, it has been predicted by atomistic simulation that external changes of surface morphology with different faceted structures can dramatically influence the yield strength of stable ͗110͘ oriented Ag NWs 38 and Cu NWs 39 deformed in tension. This work poses a fundamental question: can defects, both internal (e.g., grain boundaries) and external (e.g., surface facets), give rise to ideal strength in realistic metal NWs through microstructural design? In the present study, MD simulations were performed to investigate the tensile behavior of Au NWs containing different types of microstructure observed experimentally. Here, we discover that twin defects can be utilized to approach the ideal strength of gold in faceted NWs, whose elastic limit is dramatically larger than that found in single-crystalline and polycrystalline Au NWs with perfectly circular cross-section. This theoretical study sheds new light on the plasticity and mechanical strength of faceted Au NWs at extremely small scale and paves the way for designing more robust nanostructures.
RESULTS AND DISCUSSION
Tensile Strength of Perfectly Cylindrical Au NWs. Figure 1 parts a and b show that the maximum flow strength of nanocrystalline Au NWs under tension is significantly smaller than that in single-crystal Au NWs with same diameter. This result is in good agreement with previous atomistic predictions in nanocrystalline Ni 33 and Cu 34 NWs, where it was shown that grain boundaries are the main sources of dislocations during plastic deformation. In contrast, single-crystalline Au NWs have been found to yield by nucleating 1/6{111 }͗112͘ partial dislocations from the free surface, 40 which requires larger stress than the nucleation of partial dislocations from grain boundaries. 34 Also, it is worth noting that nanocrystalline Au NWs with grains containing nanoscale twins ( Figure 1b ports from experiments 4,5 and MD simulations 41 about the strengthening effects of twin boundaries in nanocrystalline materials. Moreover, Figure 1a ,b shows that the Young's modulus of polycrystalline Au NWs is significantly lower (by about half) than that of single-crystalline NWs (ϳ130 GPa). This finding is consistent with previous studies 35 showing that the Young's modulus of [111] oriented singlecrystalline Au NWs with diameters ranging from 5Ϫ10 nm remains constant at 124 GPa, which is about 60% higher than that observed in bulk polycrystalline Au (78 GPa). This observation is also supported by the fact that grain boundaries cause some significant microplasticity (e.g., grain boundary sliding) early in the deformation of nanocrystalline Au NWs, which significantly decreases their elastic limit under tensile loading. Furthermore, the flow stress of polycrystalline Au NWs with twins inside each grain is notably larger than that without twins, as shown in Figure 1b , because twin boundaries can effectively suppress grain boundary-induced microplasticity in nanocrystalline metals. 41 The behavior of perfectly circular Au NWs with nanoscale twins shown in Figure 1c ,d appears to be notably different from that of nanocrystalline NWs described above. The tensile stressϪstrain curve in Figure 1c reveals that the yield stress is lower and the maximum flow stress higher in twinned Au NWs, as compared with the yield strength of the single-crystalline NW. This result is consistent with an earlier report 36 where we showed that CTBs can be strong barriers to the glide of partial dislocations in Au; therefore causing dramatic increase of plastic flow stress in Au NWs with nanoscale twins due to complex dislocationϪCTB interactions. Past studies have also shown that strong size effects exist in both the yield stress 42 and maximum flow stress 36 of cylindrical Au NWs with nanoscale twins;
cylindrical twinned Au NWs can be either stronger or weaker than their single-crystalline, twin-free counterparts with identical diameter, depending on both TBS and NW diameter. Furthermore, Figure 1d shows that the maximum strength of cylindrical twinned Au NWs decreases markedly by adding one Figure 1d ). During tensile deformation, the partial dislocations from such extended stacking faults move easily away from the twin boundary and thus act to decrease the yielding stress in the NW. Second, as the deformation continues, pre-existing atomic ledges become source of new partial dislocations, which in turn form full {111}͗110͘ dislocations by recombining with partial dislocations previously emitted from the CTBs. The newly formed full dislocations are able to penetrate the CTBs, 38 which may also cause the Au NW to fail at a smaller stress than that in twinned Au NWs containing no atomic ledges. It should be mentioned however that the Young's modulus in cylindrical twinned Au NWs is almost identical to that in single-crystalline Au NWs (ϳ130 GPa) which is not significantly affected by the NW diameter, 36 twin boundary spacing, 36 or existence of atomic ledges.
In summary, it can be concluded that the strongest microstructure in cylindrical Au NWs with a diameter of 20 nm corresponds to a bamboo-like microstructure with parallel (111) CTBs, which here was found to exhibit a maximum strength of 3.23 GPa, that is, slightly larger than the tensile strength of a single-crystalline NW in the absence of defects (3.08 GPa).
Tensile Strength of Faceted Au NWs. {111}-Type surface facets have been widely observed in twinning superlattices in semiconducting NWs, 28Ϫ32 as well as in zigzag twinning structures in FCC metal NWs. 22, 25, 27 It is well-established that {111} planes are preferential close-packed planes for the easy glide of dislocations in FCC metals. 5, 10, 13, 16 However, a special feature of zigzag FCC NWs with {111 } facets is that all {111 } slip planes are parallel to a facet of the free surface. It should be mentioned that such characteristics do not occur with other types of facets. 38, 39 Therefore the yielding mechanism of Au NWs with {111 } facets becomes profoundly different from that in the cylindrical NWs with circular crosssection, as shown below. Figure 2 shows the atomic structure and tensile stressϪstrain curve for different [111] oriented Au NWs with {111 } surface facets, where D and TBS represent the diameter and twin boundary spacing, respectively, as defined in the atomistic model shown in this figure. Each curve presents an elastic regime up to 3Ϫ5% strain, followed by a sharp yield point and an abrupt drop in tensile stress, corresponding to the nucleation and propagation of the very first dislocations in the crystal lattice. It is important to note that faceted Au NWs are much stronger in comparison to cylindrical Au NWs shown in Figure 1 . For example, under the same simulation conditions, the lowest tensile strength calculated in faceted Au NWs is equal to 3.5 GPa for a faceted NW with D ϭ 20 nm and TBS ϭ 8 nm, which is already higher than the maximum flow stress calculated in all cylindrical Au NWs under tensile deformation (3.23 GPa). It can also be noted in Figure 2 that the yield strength of faceted Au NWs increases as both D and TBS decreases, but such variations are clearly more significant when TBS varies. As such, this figure reveals that the strength of faceted Au NWs with TBS ϭ 2 nm and a small diameter such as D ϭ 8 nm is near the ideal strength of Au, which is on the order of 5.5 GPa based on our calculations. 43 Diao et al. 44 have also shown by atomistic simulation that the free surface of [111] oriented Au NWs in tension causes significant compressive stress in the interior of the specimen. Therefore, the smaller the NW diameter, the larger the internal compressive stress, and the larger the external stress required to yield the NW. This idea also supports the strength increase as a function of the diameter as observed in Figure 2 for faceted NWs with TBS ϭ 2 nm.
Furthermore, we represent in Figure 3 the evolution of the calculated yield strength in faceted Au NWs as a function of the number of twin boundaries per unit length, 1/TBS. This figure shows that the yield strength varies from 3.5 to 5.27 GPa with decreasing TBS from 8 to 1.4 nm, respectively, which corresponds to a 50% increase in strength. Another peculiar behavior is that there is a clear shift in plastic behavior for TBS ϭ 2.6 nm or 1/TBS ϭ 0.38, as the yield strength approaches the ideal strength for Au, suggesting a transition in the underlying mode of deformation, as described hereafter.
Mechanisms of Incipient Plasticity in Faceted Au
NWs. To understand the ultrahigh strength of faceted Au NWs with nanoscale twins, and its steep size dependence as a function of 1/TBS, we performed an atomic-scale analysis of deformation mechanisms in each NW at yield point. As mentioned above, the mechanism of surface dislocation nucleation on {111} planes 12,15,36Ϫ38,40 is predicted to be difficult in Au NWs with {111 } facets. However, it is shown in Figure 4a that the yielding of a faceted Au NW with D ϭ 20 nm and TBS ϭ 8 nm (yield strength ϭ 3.5 GPa) occurs by the nucleation and propagation of full (001) [110] dislocations, instead of the common {111 }͗112͘ partial slip observed in FCC metals, which may account for the enhanced strength of faceted NWs relative to circular ones. This process of dislocation emission is surface-mediated and sitespecific, since it occurs at the intersection of CTBs with the free surface, which is similar to the nucleation of partial dislocations in perfectly circular twinned Au NWs. 37 It has been reported in the literature that full lattice dislocations in FCC metal NWs deformed under uniaxial loading could be transmitted through (111) CTBs by {001}͗110͘ slip from the parent grain to the twin grain. 36, 45 To our knowledge, however, the direct emission of {001}͗110͘ dislocations from free surfaces has never been reported in either bulk or nanosized FCC metals. In the present study, this mechanism is made possible in [111] oriented Au NWs because the corresponding Schmid factor is very high (0.41) for this slip system under uniaxial tension.
The strong size dependence of yield strength in faceted Au NWs with decreasing TBS shown in Figures 2  and 3 can be interpreted from the coupled effects of CTBs and free surfaces on the necessary stress to emit and propagate a dislocation as follows. Chen et al. 46 have shown that CTBs exert a strong repulsive image force on dislocations that move toward the boundary. According to this model, the image shear stress due to the closest CTB that opposes to the glide of full screw dislocations, ctb , is such that 46 where L B is the distance between the dislocation and the closest CTB, is a dimensionless measure of the intrinsic strength of the CTB due to elasticity mismatch between parent and twin grains at the twin interface, 46 G is the shear modulus, and b is the magnitude of the Burgers vector. In the present study, the characteristic length L B is always equal to TBS/sin , with being the angle formed by the slip plane with the twin boundary, since all full dislocations are nucleated from the intersection of CTBs with the free surface. Consequently, the image force imposed by CTBs on the emission of new dislocations must be added to the applied stress such as Figure 3 enables us to validate eq 2 on the basis that a linear dependence between yield strength and number of twin boundaries (per unit length) is clearly evident from our atomistic predictions for TBS larger than or equal to 2.6 nm, that is, 1/TBS being smaller than or equal to 0.38.
Furthermore, we found that the stress plateau shown in Figure 3 for 1/TBS larger than 0.38 corresponds to a shift from site-specific surface dislocation nucleation to homogeneous dislocation nucleation. For example, Figure 4b proves that the yielding of Au NWs with D ϭ 8 nm and TBS ϭ 2 nm occurs by homogeneous nucleation of {111 }͗112͘ partial dislocations inside the NW, as opposed to the surface nucleation of full {001}͗110͘ dislocations in Au NWs with TBS ϭ 8 nm as shown in Figure 4a . The dynamic process of homogeneous dislocation nucleation can also be found in the movie given in the (Supporting Information). The transition in yielding mechanism for faceted Au NWs subjected to tensile deformation can therefore be accounted for by the excessive increase in image force imposed by CTBs as TBS is decreased below a critical limit. As such, it turns out that a competition between full {001}͗110͘ dislocation nucleation from the free surface and homogeneous plastic flow operates in faceted Au NWs as the critical resolved shear stress approaches the ideal strength of Au. An accurate prediction of the transition point between these two mechanisms highly relies on how one can calculate the image forces imposed by CTBs. However, the curved nature of dislocations emitted from the free surface in Au NWs at yield point makes the quantitative predication of image forces from CTBs more complicated than that for straight dislocations as in the model of Chen et al.
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CONCLUSIONS
On the basis of classical MD simulations, we have shown a strong dependence of the tensile strength of Au NWs on both internal and external microstructures, which included randomly oriented polycrystalline NWs, bamboo-like NWs with nanoscale twins, perfectly circular NWs, and NWs with surface facets. The strongest microstructure was achieved in zigzag Au NWs made of a parallel arrangement of CTBs and {111 } surface facets, whose strength is much larger than that of all perfectly circular Au NWs of identical size, regardless of their internal structure. The enhanced strength of faceted Au NWs can be interpreted from the surface morphology of {111 } surface facets, which enforce all {111 } slip planes to be parallel to a facet of the free surface. As a result, faceted Au NWs yield by a novel mechanism through site-specific emission of full {001}͗110͘ dislocations at the intersection of CTBs with the free surface, instead of the common {111 }͗112͘ partial slip observed in FCC metals. Furthermore, the yield strength of faceted Au NWs dramatically increases with decreasing twin boundary spacing. It is demonstrated that such phenomenon results from the effect of repulsive image forces imposed by CTBs on the glide of full dislocations. Most importantly, the yield strength of faceted Au NWs approaches the ideal strength in Au when the twin boundary spacing is decreased below a critical limit, accompanied by a transition in the yielding mechanism from surface dislocation nucleation to homogeneous dislocation nucleation. Our findings therefore reveal that microstructural design with surface faceting and coherent twin interfaces enables Au NWs to mechanically behave like infinite, defect-free crystals, whose elastic limit has classically set an upper bound for strength in crystalline materials. This study, which provides fundamental progress in nanoscale plasticity, will also stimulate new experimental studies in the areas of metal NW synthesis and nanostructure mechanics.
METHODS
MD Simulations.
Nonequilibrium MD simulations were performed using LAMMPS 47 molecular simulator with an embedded-atom-method potential for Au developed by Grochola et al. 48 This potential enables the simulations of realistic morphologies of nanoparticles in Au, and accurately predicts the stacking fault and surface energies of this metal. 48 Nanocrystalline Au NWs were created by standard Voronoi construction. 49 To generate faceted NWs with desired size, a cylindrical twinned NW with a larger diameter was constructed, and six {111 } facets were carved out on the surface of each grain by the removal of atoms beyond the {111 } planes intersecting the free surface, similar to the surface morphology of semiconducting NWs observed experimentally.
28Ϫ31 These NWs were oriented along the [111] crystallographic direction. Periodic boundary conditions were imposed in all NWs along the [111] axis, while the NWs were kept free in all other directions. For all NWs, the periodic length along the axis was equal to 32 nm. The diameter of all cylindrical NWs was 20 nm. The time step was 5 fs. Each model was relaxed for 100 ps prior to deformation under zero pressure using constant NPT integration with NoseϪHoover thermostat. The NW was deformed in tension by stretching the simulation box at a constant strain rate of 
